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ABSTRACT

Despite its strong host tropism for erythroid progenitor cells, human parvovirus B19 (B19V) can also infect a variety of addi-
tional cell types. Acute and chronic inflammatory cardiomyopathies have been associated with a high prevalence of B19V DNA
in endothelial cells of the myocardium. To elucidate the mechanisms of B19V uptake into endothelium, we first analyzed the
surface expression of the well-characterized primary B19V receptor P antigen and the putative coreceptors o3, integrins and
Ku80 antigen on primary and permanent endothelial cells. The receptor expression pattern and also the primary attachment
levels were similar to those in the UT7/Epo-S1 cell line regarded as functional for BI9V entry, but internalization of the virus was
strongly reduced. As an alternative B19V uptake mechanism in endothelial cells, we demonstrated antibody-dependent enhance-
ment (ADE), with up to a 4,000-fold increase in B19V uptake in the presence of B19V-specific human antibodies. ADE was medi-
ated almost exclusively at the level of virus internalization, with efficient B19V translocation to the nucleus. In contrast to mono-
cytes, where ADE of B19V has been described previously, enhancement does not rely on interaction of the virus-antibody
complexes with Fc receptors (FcRs), but rather, involves an alternative mechanism mediated by the heat-sensitive complement
factor C1q and its receptor, CD93. Our results suggest that ADE represents the predominant mechanism of endothelial B19V
infection, and it is tempting to speculate that it may play a role in the pathogenicity of cardiac B19V infection.

IMPORTANCE

Both efficient entry and productive infection of human parvovirus B19 (B19V) seem to be limited to erythroid progenitor cells.
However, in vivo, the viral DNA can also be detected in additional cell types, such as endothelial cells of the myocardium, where
its presence has been associated with acute and chronic inflammatory cardiomyopathies. In this study, we demonstrated that
uptake of B19V into endothelial cells most probably does not rely on the classical receptor-mediated route via the primary B19V
receptor P antigen and coreceptors, such as o3, integrins, but rather on antibody-dependent mechanisms. Since the strong an-

tibody-dependent enhancement (ADE) of B19V entry requires the CD93 surface protein, it very likely involves bridging of the
B19V-antibody complexes to this receptor by the complement factor C1q, leading to enhanced endocytosis of the virus.

H uman parvovirus B19 (B19V), discovered in 1975 (1), exhib-
its a marked tropism for erythroid progenitor cells (EPCs) in
the bone marrow or the fetal liver (2, 3). It has therefore been
assigned as a member of the genus Erythrovirus in the family Par-
voviridae. B19V infections in childhood, primarily transmitted via
aerosol droplets to the respiratory tract, are mainly associated with
a mild disease termed erythema infectiosum (also known as fifth
disease) (4). However, by causing a block in erythropoiesis, B19V
infection can also lead to more severe clinical manifestations, like
transient aplastic crisis, in patients with chronic hemolytic anemia
or pure red-cell aplasia due to persistent infection in immuno-
compromised patients (5). After transplacental transmission,
which occurs in about one-third of maternal infections (6), B19V
may cause hydrops fetalis or fetal loss (7, 8). A number of reports
during recent years have demonstrated associations between the
presence of B19V and an increasing spectrum of additional clini-
cal diseases, such as rheumatoid arthritis (9, 10), vasculitis (11,
12), meningoencephalitis (13), and hepatitis (14, 15). Further-
more, acute and chronic inflammatory cardiomyopathies have
also been linked to B19V infection (16—18). In a screen for the
presence of viral infections in endomyocardial biopsy specimens
from patients with idiopathic dilated cardiomyopathy (DCM),
B19V DNA could be detected in more than half of the cases (19).
In contrast to enteroviruses, which are also capable of cardiac
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infections and are preferentially found in myocytes, B19V DNA
has been detected in the endothelial cells (ECs) of small intramyo-
cardial arterioles and postcapillary venules during acute infection
and in ECs of the close-meshed capillary system of the myocar-
dium in persistent infection (20, 21). ECs in placental villi have
also been identified as potential B19V target cells after transpla-
cental transmission (22).

The linear 5.6-kb single-stranded DNA genome of B19V con-
tains two major open reading frames (ORF) for the nonstructural
protein NSI and the structural proteins, respectively. It is pack-
aged into a nonenveloped, icosahedral capsid with a diameter of
22 to 25 nm, which is composed of 60 subunits. The structural
proteins VP1 and VP2, encoded by the ORF in the 3’ part of the
B19V genome, account for 5% and 95%, respectively, of these
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structural subunits. VP1 (83 kDa) and VP2 (58 kDa) are identical
except for the so-called VP1 unique (VP1u) region of 227 amino
acids at the VP1 amino-terminal end. VP1u harbors a conserved
phospholipase A2 (PLA2)-like motif, which has been implicated
in viral infectivity (23) and the inflammatory response to BI9V in
synoviocytes (24).

At least part of the tropism of B19V for EPCs seems to be
determined by the tissue distribution of the primary B19V recep-
tor, the glycosphingolipid globoside (globotetraosylceramide
[Gb4Cer]), also known as P antigen (25). P antigen was detected
not only on EPCs, but also on a variety of other cell types, includ-
ing primary endothelial cells from umbilical cord blood (HU-
VEC) (26). In line with these data, experimental infection of HU-
VEC with detection of NS1 mRNA and small amounts of VP
mRNAs has been reported (27). Whereas P antigen is required for
primary B19V attachment to its target cells, it is not sufficient to
trigger the internalization step (26). As a coreceptor involved in
the entry step, the o;3; integrins in their high-affinity conforma-
tion have been identified (28). Furthermore, Ku80 antigen ex-
pressed at the cell surface has been proposed to enhance B19V
attachment in both P antigen-negative and -positive cells (29).
The involvement of a complex binding/internalization process in
B19V entry is further emphasized by the lack of B19V binding to
membrane-associated P antigen in vitro (30).

In addition to B19V entry, a variety of intracellular processes,
such as viral transcript maturation (31, 32), translation (33), ge-
nome replication (34, 35), and receptor signaling (36), also limit
structural gene expression and virion formation to the erythroid
lineage. A few specialized cell lines, such as the megakaryoblastoid
cell lines MB-02 (37) and UT7/Epo (38), which support B19V
entry and low-level genome replication in the presence of eryth-
ropoietin (Epo), have been established as in vitro model systems
for B19V infection. However, a major amplification of input B19V
genomes is observed only in EPCs, either after direct infection in
vivo or after generation of a CD36 " EPC population from hema-
topoietic stem cells ex vivo (39).

As an alternative to interactions with specific receptor/core-
ceptor molecules on the target cells, some viruses have exploited
antiviral antibodies for efficient entry. This phenomenon, termed
antibody-dependent enhancement of viral infection (ADE), was
first described for flaviviruses (40) and has been shown to be im-
portant for the pathogenesis of dengue disease (41). Meanwhile
ADE has been identified in a variety of other virus-cell systems,
such as HIV-1 (42), Ebola virus (43), and Aleutian mink disease
parvovirus (44). Recently, ADE could also be demonstrated for
B19V infection of the monocytic cell line U937, with both en-
hanced initial levels of BI9V DNA and a time-dependent increase
in copy numbers, indicative of DNA replication in the presence of
anti-B19V antibodies (45). The most common mechanism for
ADE, initially proposed by Halstead et al. (46) and first actually
demonstrated for flaviviruses in macrophages (47), is the interac-
tion of the virus-antibody complex through the Fc portion of the
antibody with Fc receptors (FcRs) on the cell surface, leading to
enhanced attachment of the virus. This mechanism of ADE was
also described for uptake of B19V into monocytes (45). Whereas
FcRs are expressed predominantly on immune cells, alternative
ADE mechanisms involving complement receptors (CR) more
widely distributed among different cell types have also been de-
scribed (48, 49).

In view of the high prevalence of BI9V DNA in endomyocar-
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dial biopsy specimens from patients with chronic cardiomyopa-
thies, it was the aim of our study to assess possible B19V entry
routes into endothelial cells. We could demonstrate that the clas-
sical pathways mediated by specific receptors and coreceptors ob-
viously do not play a major role in B19V uptake into endothelial
cells. More likely, an alternative pathway mediated by B19V-spe-
cific antibodies may be important for efficient internalization of
the virus. This ADE pathway was mediated by the heat-sensitive
complement factor Clq and its receptor, CD93.

MATERIALS AND METHODS

Cell lines and primary cells. U937 is a human cell line derived from a
diffuse histiocytic lymphoma and displays characteristics of monocytic
cells. It was cultured in RPMI medium (Gibco BRL, Karlsruhe, Germany)
supplemented with 10% fetal bovine serum (FBS) (Gibco BRL, Karlsruhe,
Germany) and 100 pg/ml each of penicillin and streptomycin (Sigma,
Munich, Germany).

EA.hy926, a stable hybrid cell line derived from fusion of primary
HUVEC with the human lung carcinoma cell line A549, was grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS and 100 pg/ml of penicillin and streptomycin under selection with
HAT (100 mM hypoxanthine, 0.4 mM aminopterin, 16 mM thymidine;
Invitrogen, Karlsruhe, Germany).

Primary human coronary artery endothelial cells (HCAEC), human
dermal microvascular endothelial cells (HDMEC), human pulmonary ar-
tery endothelial cells (HPAEC), human aortic endothelial cells (HAoEC),
and HUVEC, obtained from PromoCell (Heidelberg, Germany), were
cultured according to the manufacturer’s recommendations in endothe-
lial cell growth medium and endothelial cell growth medium MV2
(PromoCell).

UT7/Epo-S1 is an Epo-dependent cell line originating from UT7, a
megakaryocytic leukemia cell line (38), and was kindly provided by Susan
Wong (Hematology Branch, National Heart, Lung, and Blood Institute,
National Institutes of Health, USA). UT7/Epo-S1 cells were cultured in
Iscove’s modified Dulbecco’s medium (Mediatech, Herndon, VA) sup-
plemented with 10% FBS, 100 p.g/ml each of penicillin and streptomycin,
2 mM L-glutamine (Invitrogen, Karlsruhe, Germany), and 2 units per ml
of recombinant human Epo (PBL Biomedical Laboratories, USA).

All cell lines and primary cells were cultured at 37°C with 5% CO.,.

Preparation of human IgG samples. IgG fractions were purified from
human sera of healthy volunteers by affinity chromatography with pre-
packed 1-ml protein G HiTrap columns on an Akta purifier system (GE
Healthcare, Buckinghamshire, United Kingdom). Prior to loading on the
column at a flow rate of 0.5 ml/min, the sera were filtered (0.45-pm pore
size) and diluted 1:1 in binding buffer (0.02 M sodium phosphate buffer,
pH 7.0). The columns were washed with a total volume of 20 ml of binding
puffer at a flow rate of I ml/min, and IgG fractions were eluted with 0.1 M
glycine buffer, pH 2.7, at the same flow rate. The eluted IgG fractions were
immediately neutralized by the addition of 1 M Tris-HCI, pH 9.0. Anti-
B19V antibody IgG titers in the purified IgG fractions were measured by
using a commercial enzyme-linked immunosorbent assay (ELISA) kit
(Biotrin, Dietzenbach, Germany) and were depicted as index values ac-
cording to the instructions provided. An index value below 0.9 was de-
fined as negative, and an index value above 1.1 was defined as positive for
the presence of anti-B19V antibodies. The anti-B19V IgG titer indices for
the three negative probes used in this study were in the range of 0.2 to 0.6,
while the three positive probes had values of 8.0 (serum 1), 6.0 (serum 2),
and 5.2 (serum 3), respectively. The protein concentrations of the purified
IgG samples were determined by using the Bio-Rad Protein Assay Kit
(Bio-Rad, Munich, Germany) according to the manufacturer’s instruc-
tions.

B19V infections. BI9V belonging to genotype 1 was purified from
plasma samples from patients with acute B19V infection, kindly provided
by Knut Gubbe (Institute of Transfusion Medicine and Immunohematol-
ogy, German Red Cross, Plauen, Germany) or by Anna Maria Eis-Hiibin-

jviasm.org 8103


http://jvi.asm.org

von Kietzell et al.

ger (Institute of Virology, University Clinic Bonn, Bonn, Germany). For
purification, 2 ml of frozen phosphate-buffered saline (PBS) (20%) was
overlaid with 10 ml of plasma in ultracentrifuge tubes. The tubes were
filled with PBS, and samples were centrifuged in a Beckman SW-40 Ti
rotor (Beckman Coulter Inc., Krefeld, Germany) at 100,000 X g for 2 h at
4°C. The virus pellet was resuspended in 100 I PBS, and the amount of
B19V DNA was quantified by real-time PCR.

Infections of the various primary endothelial cells or permanent cell
lines with the purified B19V were performed in 24-well plates. Cells were
incubated with B19V at a multiplicity of infection (MOI) of 1,000 or
10,000 genomic particles per cell in a final volume of 300 pl. For the assays
in the presence of antibodies, B19V was preincubated with purified hu-
man IgG fractions at different concentrations for 1 h at 37°C and 5% CO,
prior to infection, also in a final volume of 300 pl. For the competition
experiments, purified antibodies were added during the preincubation
step as indicated in the respective figure legends. Unless otherwise indi-
cated, infections were performed for 2 to 6 h, followed by processing of the
cells for quantitative determination of B19V DNA by real-time PCR, ei-
ther directly or after prior cell fractionation. Generally, for the determi-
nation of virus uptake, noninternalized virus was removed by trypsiniza-
tion for 5 min at 37°C.

DNA isolation. Genomic DNA was prepared from cells by using the
Pure Link Genomic DNA minikit (Invitrogen, Karlsruhe, Germany) ac-
cording to the manufacturer’s instructions.

Isolation of nuclear and cytoplasmic fractions. Fractionation of
mock- or B19V-infected cells seeded in 6-cm dishes (5 X 10° to 1 X 10°
cells at the time of infection) was performed 48 h postinfection. The cells
were washed with PBS and detached from the culture dishes by trypsiniza-
tion. After centrifugation of the cells at 1,500 X g at 4°C for 5 min and
repeated washing with PBS, the cell pellets were gently resuspended in 100
wl of hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM dithiothreitol [DTT]) in the presence of protease inhibitors
(0.1 M phenylmethylsulfonyl fluoride [PMSF], 1 mg/ml pepstatin, and
1.5 mg/ml aprotinin) and incubated on ice for 5 min. The samples were
then mixed gently and centrifuged for 5 min at 15,000 rpm and 4°C. The
first 50 pl of the supernatants was collected as cytoplasmic fractions in a
separate tube, while the second 50 pl was discarded to avoid contamina-
tion of the cytoplasmic fraction with the pelleted nuclei. Pellets were ex-
tracted two more times with 100 wl of hypotonic buffer using the same
procedure to obtain a total volume of 150 .l of cytoplasmic extract. Sub-
sequently, the nuclear pellets were washed three times with hypotonic
buffer and resuspended in 30 pl of high-salt buffer (20 mM HEPES, pH
7.9, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 25%
glycerin, 0.1 M PMSF, 1 mg/ml pepstatin, 1.5 mg/ml aprotinin). The
nuclear suspension was incubated on ice for 20 min and centrifuged at
15,000 rpm at 4°C. The supernatant (nuclear fraction) was collected, and
both the cytoplasmic and nuclear fractions were stored at —20°C for fur-
ther use.

Fab fragment preparation. The generation and purification of anti-
body Fab fragments from whole IgG were performed with the Pierce Fab
Preparation Kit (Thermo Scientific, Schwerte, Germany) following the
manufacturer’s instructions. Briefly, 0.25 to 4 mg of the purified IgG frac-
tions was dialyzed with Thermo Scientific Zeba Desalting Spin Columns
and digested with papain protease contained in an immobilized form on
an agarose matrix, and subsequently, the Fc fragments and the undigested
IgG were removed by their binding to an immobilized protein A matrix.
The pure Fab fragments contained in the supernatants from the protein A
column were then used at a concentration of 200 g/ml in direct compar-
ison to the intact IgGs in the B19V infection experiments.

Real-time PCR for B19V DNA. The real-time PCRs were performed
in a final volume of 25 p.l containing 30 to 50 ng of genomic DNA, 12,5 pl
TagMan Gene Expression master mix (Applied Biosystems, Darmstadt,
Germany), 5 nM minor-groove binder (MGB) probe (5'-ATGACCCA-
GAGCACC-3'; Applied Biosystems, Darmstadt, Germany), 8 pM for-
ward primer (5'-CATTTTCYAGACAGTTTTTAATYCCA-3'; B19V
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nucleotides [nt] 3420 to 3445), and 8 WM reverse primer (5'-CTYGCT-
GCGGGAGAAAACAC-3'; BI9V nt 3489 to 3470). All experiments were
performed in duplicate on an ABI 7900 HT Fast real-time PCR system
(Applied Biosystems, Darmstadt, Germany) under the following condi-
tions: hot-start denaturation at 95°C for 10 min, followed by 38 cycles of a
two-step program (denaturation at 95°C for 15 s and annealing/extension
at 57°C for 1 min). B19V copy numbers were determined by means of a
plasmid-based B19V standard curve and are depicted as copies per cell
initially infected based on a value of 6 pg for the genomic-DNA content of
a single human cell.

Flow cytometry. For analysis of B19V (co)receptor expression on the
cell surface, cells were harvested by scraping them into the medium, pel-
leted by centrifugation at 1,500 X gat 4°C for 5 min, and washed with 1X
PBS. All subsequent washing steps were generally performed with 1X
PBS, followed by centrifugation as described above. The cells were washed
and blocked in PBS-2% endobolin for 10 min at room temperature. Se-
quential incubations with primary and secondary antibodies with an in-
termediate washing step were each performed for 1 h at 4°C. The primary
antibodies were rabbit anti-globoside GL-4 (P antigen) (Matreya, Pleas-
ant Gap, USA), mouse anti-human integrin 1 (P4C10; Millipore,
Schwalbach, Germany), mouse anti-Ku80 N terminus Ab-7 (S10B1; Neo-
markers, Fremont, CA, USA), and mouse anti-Ku80 C terminus Ab-2
(111; Neomarkers), all diluted 1:400 in PBS. The secondary antibodies
were Alexa Fluor 588- or Alexa Fluor 594 (Invitrogen GmbH, Karlsruhe,
Germany)-conjugated antibodies, also diluted 1:400. After washing of the
cells and resuspension in fluorescence-activated cell sorter (FACS) buffer
(PBS, 0.5% bovine serum albumin [BSA], 0.1% sodium azide), approxi-
mately 1 X 10 cells were analyzed by flow cytometry.

Analysis of Fc receptor expression was performed by a similar proto-
col. In this case however, the cells were detached using 0.25% trypsin-
EDTA, and both the initial fixation step and the blocking step with
PBS-2% endobolin were omitted. The cells were incubated at room tem-
perature with fluorescein isothiocyanate (FITC)-labeled anti-CD64, anti-
CD32, and anti-CD16 (BD Bioscience, Heidelberg, Germany/BioLegend,
Fell, Germany) at a dilution of 1:5 for 30 min in the dark. In parallel, cells
were incubated with a FITC-labeled isotype control (BD Bioscience,
Heidelberg, Germany) under the same conditions. After washing of the
cells with 1 ml PBS and resuspension in PBS-2% paraformaldehyde
(PFA), 1 X 10* cells were analyzed by flow cytometry.

For flow cytometry a FACSCalibur device (Becton, Dickinson, Heidel-
berg, Germany) was used according to the manufacturer’s protocol. A
cutoff fluorescence level was set in such a way that less than 1.0% of the
cells in the negative controls, corresponding either to incubation with
fluorescence-labeled secondary antibodies only in the case of BI9V
(co)receptors or the FITC-labeled isotype control in the case of Fc recep-
tors, scored positive. All cells above this fluorescence level were assigned as
positive.

Western blot analysis. For the assessment of the purity of nuclear and
cytoplasmic fractions, 10-pl aliquots were lysed by the addition of 10 pl of
protein sample buffer (1 mM EDTA, 50 mM Tris [pH 7.5], 2% SDS, 10%
glycerol, 5% [3-mercaptoethanol, 0.01% bromophenol blue), and incu-
bated at 95°C for 5 min. Subsequently, 15 to 20 pl of the samples was
separated on 10% polyacrylamide-SDS gels and transferred to nitrocellu-
lose membranes by semidry blotting. After blocking with 6% milk-PBS
the membranes were incubated with a mixture of anti-tubulin monoclo-
nal mouse antibody (Calbiochem, Merck, Darmstadt, Germany) diluted
1:2,000, anti-mcm7 monoclonal mouse antibody (Santa Cruz) diluted
1:1,000, and horseradish peroxidase-conjugated secondary antibody, fol-
lowed by enhanced chemiluminescence (ECL) detection.

RESULTS

B19V is poorly taken up into endothelial cells despite effective
binding to the cell surface. In view of the close association of
cardiac diseases with the presence of BI9V DNA in endothelial
cells of small intramyocardial arterioles and postcapillary venules,

Journal of Virology


http://jvi.asm.org

the objective of our study was to more closely elucidate the mech-
anisms involved in B19V entry into these cells. For that purpose,
we first analyzed the expression profiles of the well-characterized
primary B19V receptor, blood group P antigen, and the reported
coreceptors integrin a3, and Ku80 antigen on the surfaces of
endothelial cells by FACS analysis. Several primary endothelial
cells from different sources and the permanent endothelial hybrid
cellline EA.hy926 were compared to the UT7/Epo-S1 megakaryo-
cytic leukemia cell line, which is known to be semipermissive for
B19V infection and to promote efficient B19V entry and gene
expression. For P antigen, the highest surface levels were observed
for the UT7/Epo-S1 line, with a 75% proportion of positive cells
(Fig. 1A, first column from left). However, very similar expression
levels were displayed by some of the primary endothelial cells,
such as those from the pulmonary artery (HPAEC) or from the
umbilical vein (HUVEC), with more than 50% positive cells. The
permanent EA.hy926 cell line displayed about 50% positive cells.
Of all the primary endothelial cells tested, only those from the
aorta (HAOEC) scored less than 10% positive cells. The surface
levels of 53, integrin, which has been described as an essential
B19V coreceptor, were uniformly very high, with only minor vari-
ations (Fig. 1A, second column). Whereas Ku80 has been de-
scribed as a second potential coreceptor for B19V, only very lim-
ited amounts of the antigen could be detected on the surfaces of
the semipermissive UT7/Epo-S1 cell line and the endothelial cells,
regardless of whether antibodies recognizing the Ku80 carboxy
terminus (Fig. 1A, third column) or the amino terminus (Fig. 1A,
fourth column) were used. In contrast, large amounts of intracel-
lularly localized Ku80 could be detected with either antibody after
permeabilization of the cells (data not shown). Thus, a role of
Ku80 in the B19V entry process in the cells under investigation
seemed rather unlikely. We then examined B19V binding and
virus uptake after infection of the different cell types, as described
in detail in the legends to Fig. 1B and C and Materials and Meth-
ods. We showed that during an initial incubation period at 4°C, all
the primary endothelial cells bound amounts of the input BI9V
similar to those bound by the UT7/Epo-S1 control cells (Fig. 1B).
Only the EA-hy926 cells showed a clear reduction of about 3-fold
in B19V binding. In contrast, when we monitored B19V uptake,
the amount of BI9V DNA detected in the endothelial cells was
almost negligible compared to that found in the UT7/Epo-S1 con-
trol cells (Fig. 1C). The finding that the total number of B19V
particles entering the UT7/Epo-S1 cells exceeds those bound dur-
ing the initial incubation period at 4°C can be explained by a
continuous supply of virus from the medium during the subse-
quent incubation at 37°C. These experiments showed that, al-
though no obvious major differences are present in the receptor
and coreceptor patches and in the primary binding between UT7/
Epo-S1 and endothelial cells, the latter are obviously deficient for
B19V internalization.

B19V uptake into endothelial cells is strongly stimulated in
the presence of anti-B19V antibodies. Given the low entry rates
of B19V into endothelial cells, as demonstrated above, it was hard
to envisage how B19V could establish a persistent infection in
these cells in vivo using the classical receptor-mediated route. As
an alternative entry route, therefore, we considered ADE, which
had recently been demonstrated for B19V in the U937 monocytic
cell line (45). U937 cells were therefore used as a positive control
and showed a several hundredfold increase in B19V uptake in the
presence of an IgG fraction of a human serum positive for anti-
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FIG 1 B19V uptake into endothelial cells is strongly limited by the internal-
ization step. (A) Surface expression of primary B19V receptor P antigen and
potential coreceptors 3,-integrins and Ku80 assayed by FACS analysis. For the
detection of Ku80, two different antibodies recognizing either the carboxy
terminus (Ku80-C) or the amino terminus (Ku80-N) were used. The percent-
ages of (co)receptor-positive cells, calculated as described in Materials and
Methods, are indicated. (B and C) B19V binding and virus uptake after appli-
cation of 1 X 10* genomic particles of B19V per cell. BI9V binding was deter-
mined after incubation for 1 h on ice (B), whereas uptake of viral particles was
scored after an additional 2 h of incubation at 37°C without prior washing of
the cells (C). Trypsinization was used to remove noninternalized particles.
B19V DNA is represented as copies per cell initially infected. The data are
presented as means plus standard deviations.

B19V antibodies applied at a final protein concentration of 400
pg/ml (Fig. 2A; note the logarithmic scale in Fig. 2A to F). This
strong enhancement resulted in an almost complete recovery of
the input amount of 1,000 genomic particles (note that a 10-fold-
reduced number of viral particles compared to the experiments
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FIG 2 Preincubation with anti-B19V antibodies strongly stimulates B19V
uptake into the monocytic cell line U937 and endothelial cells. (A to F) Differ-
ent cell lines and primary endothelial cells, as indicated, were either mock
infected or infected with BI9V at an MOI of 1,000 genomic particles per cell.
After 6 h of incubation at 37°C, genomic-DNA preparations were assayed for
the number of B19V genomes by quantitative PCR. B19V DNA is presented on
a logarithmic scale as genomic copies per cell initially infected. For the bars
marked “+ control-IgG” or “+ a-B19V-IgG,” the B19V particles were prein-
cubated prior to infection with purified IgG preparations from selected human
sera with anti-B19V titers (index numbers) of <0.9 (control) or 8.0 (a-B19V),
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shown in Fig. 1B and C was applied) of BI9V per cell. In contrast,
the addition of purified IgG from an antibody-negative donor at
an identical concentration had only marginal effects on B19V up-
take. Preincubation of BI19V with the anti-B19V-positive IgG
preparation also strongly augmented the amount of BI9V DNA
detected 6 h postinfection in the permanent EA.hy926 endothelial
cell line (Fig. 2B) and in all primary endothelial cells investigated
(Fig. 2Cand D). Although the absolute levels of B19V uptake were
about an order of magnitude lower than in U937 cells, the relative
levels of ADE were quite comparable to those of U937 cells (677-
fold), with values of 270-fold for HCAEC (Fig. 2C), 411-fold for
HDMEC, 590-fold for HAOEC, and even almost a 4,000-fold in-
crease in B19V uptake for HPAEC (Fig. 2D). ADE also contrib-
uted strongly to B19V entry in the semipermissive UT7/Epo-S1
cell line (Fig. 2D). B19V ADE in HCAEC (Fig. 2E) and UT7/
Epo-S1 cells (Fig. 2F) was confirmed with purified IgG samples
from additional donors, whereas various IgG samples from B19V
antibody-negative donors were used in the subsequent experi-
ments and generally had only negligible effects compared to the
control in the absence of antibodies.

Antibody-mediated B19V uptake into endothelial cells re-
quires only low IgG concentrations. In the initial experiments to
monitor antibody-enhanced uptake of B19V in endothelial cells
(Fig. 2), an IgG concentration of 400 wg/ml during the preincu-
bation step with BI19V was used. Whereas this concentration is
well below the total immunoglobulin concentration of about 10
mg/ml found in human sera, we further assessed the physiological
relevance of the observed ADE by performing titration experi-
ments with IgG concentrations ranging from 5 pwg/ml to 800 g/
ml. As a representative panel for these and most of the subsequent
experiments, the EA.hy926 permanent endothelial cell line, the
primary HCAEC, and the U937 monocytic cells were chosen (Fig.
3).In U937 cells, ADE could already be detected at the lowest IgG
concentration of 5 pg/ml and reached saturation levels at a con-
centration of 400 to 800 pg/ml (Fig. 3A). In EA.hy926 cells (Fig.
3B) and HCAEC (Fig. 3C), a clear enhancement of B19V uptake
was first observed at an IgG concentration of 10 pg/ml. Whereas
ADE in HCAEC showed a continuous increase up to the maxi-
mum IgG concentration of 800 pg/ml, uptake into EA.hy926 cells
was largely saturated at concentrations of 50 to 100 wg/ml. One
possible explanation for this observation may be a limiting expres-
sion of the cellular receptor(s) recognizing the virus-antibody
complexes in EA.hy926 cells.

The presence of antibodies enhances B19V uptake at thelevel
of virus internalization. To elucidate the stage of the B19V uptake
process that is stimulated by the presence of antibodies, we ana-
lyzed the binding of B19V to the cell surface and the subsequent
internalization step separately (Fig. 4). B19V virions at a final MOI
of 1,000 genomic particles per cell were first incubated with the
cells for 1 h at 4°C after prior preincubation of selected samples
with IgG fractions from either B19V antibody-negative or -posi-
tive sera at a final concentration of 400 g/ml. B19V binding was

respectively, for 1 h at 37°C. The final concentrations of immunoglobulins
during infection were 400 wg/ml. (E and F) In addition to the anti-B19V
antibody-positive IgG preparation from serum 1 used in panels A to D (index
number, 8.0), two further preparations with index numbers of 6.0 (serum 2)
and 5.2 (serum 3) were used. The data are presented as means plus standard
deviations.
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FIG 3 Concentration dependency of antibody-mediated B19V uptake into
endothelial cells. (A to C) The indicated cell lines and primary endothelial cells
were either mock infected (lanes marked control) or infected with B19V at an
MOI of 1,000 genomic particles per cell. Where indicated, B19V was preincu-
bated with increasing amounts (5- to 800-pg/ml final concentrations) of hu-
man serum-derived IgG preparations either negative (index number, <0.9) or
positive (index number, 8.0) for anti-B19V antibodies. Genomic DNA ex-
tracted 6 h postinfection was assayed by quantitative PCR for the number of
B19V genomes, which are presented on a logarithmic scale as genomic copies
per cell initially infected. The data are presented as means plus standard devi-
ations (**, P < 0.01; %, P < 0.001).

scored directly after the 4°C incubation step, which should have
largely excluded possible internalization of the virus. In assays
performed in parallel, the fraction of internalized virus was deter-
mined by extensive washing at 4°C to eliminate unbound virus,
followed by further incubation for 2 h at 37°C for the internaliza-
tion step. Finally, the noninternalized virus was released by
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trypsinization, and cells were processed for quantitative B19V
DNA analysis. In the control U937 cells, the presence of anti-B19V
antibodies increased the number of B19V virions bound to the cell
surface by 204-fold (Fig. 4A), while the amount of internalized
viral DNA was increased by a factor of 1,217 (Fig. 4B). In contrast
to the strong stimulation of B19V binding by anti-B19V antibod-
ies found in U937 cells, the binding of B19V to the endothelial
EA.hy926 cells and HCAEC was only marginally affected, with
increments of 2.8- and 2.0-fold, respectively (Fig. 4C and E).
However, the presence of anti-B19V antibodies strongly increased
the fraction of the bound virus actually internalized, leading to
increases in B19V uptake of 117- and 46-fold, respectively (Fig. 4D
and F). The lower absolute numbers of B19V particles entering the
cells compared to the experiments shown in Fig. 2 were most
probably due to the shorter time available for virus internalization
(2 h versus 6 h) and the fact that in the experiments shown in Fig.
2 there was a continuous supply of virus from the medium during
the 6 h of incubation. Thus, in endothelial cells, the enhancing
effects of anti-B19V antibodies on B19V uptake for the most part
are mediated at the level of virus internalization, whereas in the
monocytic U937 cells, the antibodies predominantly, but not ex-
clusively, stimulate virus binding.

Whereas antibody-mediated uptake of B19V into endothe-
lial cells requires the Fc portion of the antibodies, it is not me-
diated by Fcreceptors on the cell surface. To further elucidate the
determinants for enhanced cellular entry of the B19V-antibody
complexes compared to noncomplexed virus, we first prepared
the corresponding Fab fragments by papain protease digestion
from the B19V antibody-positive IgG fractions. After removal of
undigested IgG and Fc fragments on immobilized protein A, the
effects of the purified Fabs in the B19V uptake assay were com-
pared to those of intact IgG antibodies at identical protein con-
centrations of 200 pg/ml. ADE was completely lost for the Fab
fragments in all three cell types tested, the monocytic control cell
line U937 (Fig. 5A), the permanent endothelial cell line EA.hy926
(Fig. 5B), and the primary HCAEC (Fig. 5C). Binding of the virus-
antibody complex to cellular FcRs through the Fc portion of the
antibody is the most common ADE mechanism, identified for a
variety of viruses. FcRs are predominantly expressed on cells of the
immune system, but in some instances have also been described
on endothelial cells (50). When we monitored the expression lev-
els of the Fcry type I, 11, and I1I receptors (Fcy-RI, -RI1, and -RIII),
we found high levels of Fcy-RII, with 99.5% positive cells, and
intermediate levels of the Fcy-RI receptor, with 36.7% positive
cells, in the U937 cellline (Fig. 5D). In endothelial cells, the surface
levels of either receptor were much lower, with strongly reduced
Fcy-RII and no detectable Fcy-RI expression in EA.hy926 cells
and HCAEC. Of note, the endothelial cells from the pulmonary
artery (HPAEC), which had shown the highest levels of ADE
(compare Fig. 2D), had the lowest surface levels of Fcy-RII and
were completely negative for Fcy-RI and Fcy-RIII. Considering
the low levels of Fcy-R expression on the surfaces of endothelial
cells, it seemed rather unlikely that the ADE of B19V entry in these
cells would be mediated by the receptors. In line with this argu-
ment, the enhancing effect of the a-B19V antibodies in EA.hy926
or HPAEC could not be blocked by the addition of a mixture of
antibodies against all three Fcy receptors (Fig. 5E and F). For the
monocytic cell line U937, a minor inhibition of antibody-medi-
ated B19V uptake of about 2-fold in the presence of anti-Fcy re-
ceptor antibodies was observed (Fig. 5G), which is in line with the
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FIG 4 Enhancement of B19V uptake by antibodies is mediated at the level of virus internalization. The monocytic cell line U937 (A and B), the permanent endothelial
cellline EA.hy926 (Cand D), and primary HCAEC (E and F) were either mock infected or infected with B19V atan MOI of 1,000 genomic particles per cell in the presence
or absence of anti-B19V antibodies, as described in the legend to Fig. 2. (A, C, and E) For determination of B19V binding to the cell surface, cells were directly processed
after an initial incubation step at 4°C for 1 h. (B, D, and F) For the internalization assay, cells were incubated after extensive washing for a further 2 h at 37°C, followed
by trypsinization to remove the noninternalized virus. Cell-associated B19V genomes were determined by PCR-based quantitative DNA analysis and are presented on
a logarithmic scale as genomic copies per cell initially infected. The data are presented as means plus standard deviations.

findings of Munakata et al. (45). In contrast to the experiments of
Munakata et al., however, we also observed inhibition with the
isotype control antibodies, so no unambiguous conclusions for
the monocytic cells can be drawn.

Blockage of the CD93 receptor for the complement factor
Clqreduces B19V ADE in endothelial cells. To identify possible
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alternative surface structures involved in antibody-mediated
B19V uptake in endothelial cells, we first examined whether these
structures could be blocked by excess nonspecific immunoglobu-
lins. If BI9V ADE were mediated by interaction of the virus-anti-
body complexes with cellular immunoglobulin binding structures
other than Fcy-R, a decrease in ADE would be expected. B19V was
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FIG 5 The Fc portion of the anti-B19V antibodies is required for ADE in
endothelial cells despite low surface levels of Fcy receptors. (A to C) The
monocytic cell line U937 (A), the permanent endothelial cell line EA.hy926
(B), and primary HCAEC (C) were either mock infected or infected with BI9V
atan MOI of 1,000 genomic particles in the absence or presence of either whole
IgG preparations from a B19V antibody-positive serum or purified Fab frag-
ments derived therefrom. (D) Surface levels of Fcy receptors Fcy-RI (CD64),
Fcy-RII (CD32), and Fey-RIII (CD16) on monocytic U937 cells, endothelial
EA.hy926 cells, and primary HCAEC and HPAEC, as indicated, assayed by
FACS analysis with specific antibodies. Nontreated cells and an isotype control
are included. The percentages of cells that scored above the highest value of the
isotype controls for the specific antibodies are indicated. The permanent en-
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preincubated with increasing concentrations of the IgG fraction
from a B19V antibody-negative serum in the presence of a con-
stant amount of B19V antibody-positive IgG fraction (100-pg/ml
final concentration). However, no competition of ADE was ob-
served after the addition of nonspecific antibodies up to a final
concentration of 1,600 pg/ml (Fig. 6A to C). In fact, whereas no
major changes were observed in the U937 monocytic cells, in-
creasing concentrations of nonspecific immunoglobulin led to a
clear enhancement of ADE in the endothelial cell line EA.hy926
(Fig. 6B) and the primary HCAEC (Fig. 6C), with 4.3- and 47.7-
fold increases in B19V uptake, respectively, at the highest concen-
tration of 1,600 pg/ml. As we never observed any major effects of
the B19V antibody-negative IgG preparations in the absence of
a-B19V antibodies (compare Fig. 3), we hypothesized that one or
more soluble factors may have been copurified in protein G affin-
ity chromatography, due to their close association with antibod-
ies, and that these factors may have been responsible for this fur-
ther enhancement in the presence of a-B19V antibodies.

In addition to Fc receptors, complement receptors have also
been implicated in ADE for some viruses (51). Therefore, compo-
nents of the complement system were predicted as candidates for
such soluble factors. The complement system has been shown to
be inactivated by heat under conditions where the activity of an-
tibodies is preserved. Heat inactivation of the a-B19V IgG prepa-
ration for 30 min at 56°C markedly reduced the antibody-medi-
ated uptake in EA.hy926 cells (Fig. 7A, left). Furthermore, the
additional effect of the nonspecific IgG preparation in the pres-
ence of the untreated a-B19V IgG was also abolished by heat in-
activation of the former (Fig. 7A, right). Heat inactivation of the
a-B19V IgG preparation could be compensated for by addition of
an excess amount of nonspecific IgG, whereas heat inactivation of
both a-B19V IgG and nonspecific IgG led to a strong reduction in
ADE (Fig. 7A, right). Results very similar to those in the perma-
nent EA.hy926 cell line were obtained in the primary HCAEC (Fig.
7B). Taken together, these results pointed to the possible involve-
ment of a complement factor(s) in B19V ADE. A heat-labile com-
ponent of the complement system shown to interact with the Fc
portion of antibodies is the C1 complex, consisting of C1q and the
two serine protease proenzymes Clr and Cls. Ca**-dependent
association of C1q with Clr and Cls is the initial step in the acti-
vation of the classical complement activation pathway and can be
inhibited by addition of EGTA. However, separation of Clr and
Cls can lead to increased binding of Clq to its own cell surface
receptors, which include the CD93 molecule strongly expressed
on endothelial cells (52). When we monitored the influence of
EGTA as an inhibitor of the classical complement pathway on
B19V ADE in HCAEC, we observed no significant effect (Fig. 7C,
last column). In contrast, the addition of antibodies against the
Clq receptor (CD93) strongly reduced B19V uptake (Fig. 7C).
These results indicate that Clq is at least one of the heat-labile
factors that mediate BI9V ADE in endothelial cells, together with
virus-specific antibodies. Hence, the mechanism seems to be very

dothelial cell line EA.hy926 (E), primary HPAEC (F), and the monocytic cell
line U937 (G) were either mock infected or infected with B19V at an MOI of
1,000 genomic particles in the presence of IgG preparations from either B1I9V
antibody-negative or -positive sera. Where indicated, a mixture of antibodies
against all three classes of Fcy-R (a-FcR) or isotype control antibodies was
added during the infection. The data are presented as means plus standard
deviations.
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similar to the one determined for Ebola Zaire virus infection (43),
where C1q bridges the immune complex of the virus and anti-
body, with the Clq receptor on the cell surface.

Despite efficient translocation of the viral DNA to the nu-
cleus, B19V infection in the presence of antibodies is abortive.
We demonstrated that a-B19V antibodies dramatically increased
B19V uptake into endothelial cells in the presence of heat-labile
serum factors, such as C1q. An important issue that remained to
be clarified, however, was whether the virus internalized by this
route was efficiently translocated to the nucleus and could subse-
quently initiate a productive infection. To monitor nuclear trans-
location, cytoplasmic and nuclear fractions from U937 and
EA.hy926 cells and HCAEC infected with B19V were assayed for
the number of B19V genomes. Infections were performed with or
without prior incubation with IgG fractions from anti-B19V-neg-
ative or -positive sera, as described previously. For cell fraction-
ation, special emphasis was put on avoiding possible contamina-
tion of the nuclei with residual cytoplasmic fraction by repeated
washing of the nuclei with hypotonic buffer. In line with these
considerations, no tubulin, which was used as a cytoplasmic
marker protein, was detectable in the nuclear fractions by Western
blot analysis (Fig. 8A to C, bottom right). Whereas contamination
of the nuclear fraction by cytoplasmic proteins could largely be
ruled out in the Western analysis, the MCM?7 replication protein
used as a nuclear marker protein was also found in the cytoplasmic
fraction, especially in U937 cells (Fig. 8A to C, bottom left). How-
ever, despite the resulting overestimation of the amount of B19V
DNA present in the cytoplasm, more than 99% of the B19V DNA
internalized in the presence of anti-B19V antibodies was actually
found in the nuclear fraction in the monocytic U937 cell line, and
also in the EA.hy926 and HCAEC endothelial cells (Fig. 8A to C,
top, compare the cytoplasm with the nucleus). Thus, the B19V
virions internalized by the antibody-mediated route, or at least the
associated genomes, seem to be very efficiently transported to the
nucleus.

To analyze whether the large amounts of B19V DNA, which
accumulated in the nuclei of endothelial cells in the presence of
anti-B19V antibodies, could initiate a productive B19V replica-
tion cycle, we first analyzed transcripts for the B19V nonstructural
protein NS1, as well as for the capsid protein VP2,in HCAEC 72 h
post-B19V infection by quantitative reverse transcriptase PCR
(qRT-PCR). The low levels of NS1 transcripts found after BI9V
infection of endothelial cells were not raised by the presence of
either nonspecific antibody or «-B19V antibodies (data not
shown). Furthermore, no VP2 transcripts could be detected after
infection with the B19V stock used for the ADE experiments at an
MOI of 10* either in the absence or in the presence of a-B19V
antibodies. Similar results were obtained with the EA.hy926 cell
line (data not shown). Experiments with a second virus prepara-
tion that was also used in the initial uptake experiments in the
absence of immunoglobulin (Fig. 1) led to barely detectable VP2
mRNA levels at least 10*-fold lower than those found in the semi-
permissive UT7/Epo-S1 cells (data not shown). In line with the
low to undetectable structural gene expression, no evidence of
B19V replication was found after antibody-enhanced uptake of
B19V in EA.hy926 cells and HCAEC, either by Southern blotting
for replicative intermediates or by monitoring the total amount of
B19V DNA over a 3-week period (data not shown). Thus, al-
though antibodies can lead to strongly elevated levels of B19V
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DNA in the nuclei of endothelial cells, a productive infection cycle
is not initiated.

DISCUSSION

Associations between B19V infection and acute and chronic in-
flammatory cardiomyopathies have been described, with the
identification of myocardial endothelial cells as B19V target cells
(20,21). Whereas endothelial cells internalize B19V very poorly in
vitro, the results of our present study suggest that in vivo BI9V
infection of endothelial cells may be subject to ADE. For a
variety of endothelial cells from different tissues, the addition
of immunoglobulin preparations positive for anti-B19V anti-
bodies strongly increased B19V uptake at the level of virus inter-
nalization. B19V ADE led to accumulation of B19V DNA in the
nuclei of the infected cells. The enhanced B19V uptake in the
presence of anti-B19V antibodies, however, had no major impact
on viral-gene expression and genome replication.

ADE of B19V in endothelial cells differs in several important
respects from that recently described for the monocytic cell line
U937 (45). For U937 cells, addition of B19V antibodies strongly
stimulated the binding of B19V to the cell surface, whereas the
effects of B19V antibodies on this initial step of the B19V entry
process were only marginal in endothelial cells, and ADE was me-
diated almost exclusively at the level of virus internalization. One
of the most common mechanisms for ADE of viral infection,
which has been demonstrated not only for several members of the
flavivirus family (47, 53-55), but also for a number of other vi-
ruses, including foot-and-mouth disease virus (56), coxsackievi-
rus B4 (57), and human immunodeficiency virus (HIV) (58), is
the binding of virus-antibody complexes to FcRs. For HIV, it has
been demonstrated that ADE might be due to increased virus
binding to the cell surface through the interaction between the Fc
portion of the antibodies and the FcRs (59). The results of Mu-
nakata et al. (45), who were able to compete the B19V ADE in
U937 cells with anti-FcR antibodies, suggested that such a mech-
anism may also apply to the antibody-mediated uptake of B19V
into monocytic cells. Though we were not able to fully corroborate
these finding in our experimental setting, the strong stimulation
of B19V binding to the cell surface for U937 cells strongly argues
for at least partial involvement of such a mechanism. As con-
firmed by our results, substantial levels of FcR are limited to cells
of the immune system, such as B cells, monocytes/macrophages,
neutrophils, and granulocytes (60). In line with the low levels of Fc
receptors on endothelial cells, we demonstrated that antibody-

FIG 7 Heatinactivation of IgG preparations or blockage of the CD93 receptor
for the heat-labile complement factor C1q reduces B19V ADE in endothelial
cells. (A and B) The permanent endothelial cell line EA.hy926 (A) and primary
HCAEC (B) were either mock infected or infected with B19V at an MOI of
1,000 genomic particles after preincubation with the indicated IgG prepara-
tions, either in native form or after heat inactivation (h.i.) for 30 min at 56°C.
(C) Primary HCAEC were either mock infected or infected with BI9V at an
MOI of 1,000 genomic particles after preincubation with IgG preparations
(final concentration, 400 pg/ml) either negative (control-IgG) or positive for
a-B19V antibodies. Selected samples positive for a-B19V antibodies were ad-
ditionally preincubated either with a monoclonal antibody against the Clq
CD93 receptor or with 50 mM EGTA as a general inhibitor of complement
activation. (A to C) Genomic DNA extracted 6 h postinfection was assayed by
quantitative PCR for the number of BI9V genomes, which are presented as
genomic copies per cell initially infected. The data are presented as means plus
standard deviations (*, P < 0.05; ***, P < 0.001).
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mediated B19V uptake into endothelial cells is mediated by an
alternative mechanism, the direct interaction of antibody-bound
complement factor Clq with its receptor, CD93, on the cell sur-
face. Such a direct mode of action of Clq in ADE without the
requirement for further complement factors was first demon-
strated for Ebola virus infection (43), and a detailed model has
been proposed. It suggests that two or more molecules of the mo-
nomeric antibodies bind to closely adjacent viral epitopes, allow-
ing Clq to bind to the Fc portion of the antibodies. Based on our
results, the interaction of Clq with the CD93 receptor on the
endothelial cell surface then strongly promotes the endocytosis of
the virus-antibody complexes. We demonstrated that B19V DNA
accumulates in the nucleus in the presence of antibodies and that
both endosomal escape and nuclear translocation of the virus may
be mediated by the VP1lu-associated phospholipase A2 activity,
which has been implicated in these processes in parvoviral infec-
tion of other cell systems (61, 62). The CD93 receptor is predom-
inantly expressed in endothelial cells (63), but it has also been
found in cells of the myeloid lineage and platelets (52). The initial
binding of B19V to endothelial cells seems to be only marginally
affected by the presence of antibodies, and we therefore propose
that it may be mediated by interaction with the primary B19V
receptor, P antigen. Substantial amounts of P antigen are ex-
pressed on the surfaces of endothelial cells, and we observed no
major differences in initial B19V binding between the endothelial
cells and the UT7/Epo-S1 cells regarded as permissive for B19V
uptake.

Although we have not formally shown that our purified immu-
noglobulin preparations contain the C1q complement compo-
nent, it seems very likely in view of the known properties of the
factor. Clq is present in serum and plasma at relatively high con-
centrations of 70 to 80 pg/ml. Immobilized IgG present on the
protein G affinity column during the purification step has been
shown to form tightly associated complexes with C1q, which are
stable in the presence of several reagents known to dissociate other
protein-protein interactions (64). Whereas C1q would probably
dissociate from the complex during elution of the IgG at acidic
pH, the presence of soluble Clq in the purified fraction may also
explain the stimulatory effect of an excess amount of anti-B19V-
negative immunoglobulins on B19V uptake in the presence of
anti-B19V antibodies. Interestingly, C1q has been shown to bind
with higher affinity to polymeric IgM than to IgG (65). Thus, it is
tempting to speculate that during the acute phase of the B19V
infection cycle in the erythroid progenitor cells of the bone mar-
row, anti-B19V IgM antibodies may contribute to the spread of

FIG 8 B19V internalized in the presence of antibodies is mainly found in the
nuclear fraction. The monocytic cell line U937 (A), the permanent endothelial
cell line EA.hy926 (B), and primary HCAEC (C) were either mock infected or
infected with B19V at an MOI of 1,000 genomic particles per cell in the pres-
ence or absence of anti-B19V antibodies, as described in the legend to Fig. 2.
After 6 h of incubation at 37°C, the cells were fractionated into a cytoplasmic
and a nuclear fraction by hypotonic extraction, followed by high-salt extrac-
tion of the pelleted nuclei. At the bottom of each panel is shown Western blot
analysis of equal proportions of the cytoplasmic and nuclear extracts for the
presence of tubulin as a cytoplasmic marker protein and the replication factor
MCM? as a nuclear marker. Genomic DNA isolated from the remaining por-
tions of the cytoplasmic and nuclear extracts was assayed by quantitative PCR
for the number of B19V genomes, which are presented above the blots on a
logarithmic scale as genomic copies per cell. The data are presented as means
plus standard deviations.
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the virus to other tissues, such as synovial joints, the skin, or the
endothelial cells of the myocardium.

Despite enhanced uptake of B19V in the presence of antibod-
ies, the B19V infection of endothelial cells remained abortive, with
only low levels of the NSI mRNA and no detectable VP2 tran-
scripts or DNA replication. It has been shown previously that
endothelial cells are susceptible to B19V infection in vitro, with
detection of low levels of NS1 and VP1 transcripts, but no evi-
dence for a productive infection, such as an increase in B1I9V DNA
amounts or detectable levels of VP1 or VP2 capsid proteins, was
found (27). In vivo, B19V infection of endothelial cells has been
demonstrated in myocardium (20) and skin (66), but again with-
out any hints of a productive infection. However, both B19V nu-
cleic acids and viral proteins have been detected in the fetal capil-
lary endothelium in placental villi from a case of intrauterine fetal
death caused by B19V (22). Interestingly, no P antigen expression
could be found in the placental capillary endothelium (6), sugges-
tive of alternative entry mechanisms. It is possible that under spe-
cific conditions in vivo, such as hypoxia or stimulation with
growth factors or cytokines, endothelial cells may support the syn-
thesis of viral proteins and viral-genome replication. Super- or
coinfection with other viruses could also stimulate B19V replica-
tion. We recently demonstrated that infection with adenovirus or
expression of early adenoviral functions activates B19V capsid
gene expression and leads to the formation of putative replicative
intermediates in certain endothelial cells (67). Human herpesvi-
rus 6 (HHV-6) is another possible candidate to promote B19V
replication in otherwise nonpermissive endothelial cells, since
coinfections with B19V and HHV-6 have been found in over 10%
of endomyocardial biopsy specimens from patients with dilated
cardiomyopathy (19), and, similar to adenovirus, HHV-6 can act
as a helper for the helper-dependent parvoviruses, the adeno-as-
sociated viruses (AAV) (68). Two possible explanations can be
envisaged for our finding that no increase in B19V gene expression
or genome replication could be observed despite highly elevated
amounts of B19V DNA in the nuclei of infected cells in the pres-
ence of antibodies. On one hand, the lack of intracellular factors
involved in transcriptional and/or posttranscriptional regulation
of BI9V gene expression in fully permissive cells (32, 34) may
strongly limit these processes in endothelial cells despite large
amounts of B19V DNA present. This view is supported by our
recent findings that by providing large numbers of B19V genomes
in transcription-competent form through transfection of an infec-
tious B19V plasmid clone (pB19-M20) we could not enhance cap-
sid protein synthesis in endothelial cells compared to B19V infec-
tion (67). As shown here, this leads to the uptake of only a small
number of B19V genomes. On the other hand, we have not as-
sessed whether the B19V particles taken up in the presence of
antibodies are efficiently unpackaged, so this may represent a lim-
iting step requiring a time frame beyond the one employed in our
experiments.

In summary, we demonstrated for the first time that anti-B19V
antibodies present in human sera can strongly enhance B19V up-
take into endothelial cells by a mechanism dependent upon the
CD93 surface protein, which acts as a cellular receptor for the
complement factor Clq. Thus, in addition to the Fc receptor-
mediated mechanism already described for the B19V ADE in
monocytes, an additional mechanism of ADE exists for nonim-
mune cells. These findings offer a good explanation for the high
prevalence of B19V in endothelial cells from a variety of tissues
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and may also be related to the spread of B19V to other cell types.
Since Clq contributes to a number of inflammatory biological
functions, its association with B19V-bound antibodies may also
be involved in the inflammatory processes associated with some of
the pathogenic effects of B19V, such as rheumatoid arthritis or
chronic inflammatory cardiomyopathies.
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